Cold-acclimated insects defend ion and water transport function during cold exposure. We 28 hypothesized that this is achieved via enhanced active transport. The Malpighian tubules and 29 rectum are likely targets for such transport modifications, and recent transcriptomic studies 30 indicate shifts in Na + -K + ATPase (NKA) and V-ATPase expression in these tissues following 31 cold acclimation. Here we quantify the effect of cold acclimation (one week at 12°C) on active 32 transport in the ionoregulatory organs of adult Gryllus pennsylvanicus field crickets. We 33 compared primary urine production of warm-and cold-acclimated crickets in excised 34
Introduction 50 51
Chill-susceptible insects lose ion and water homeostasis at temperatures below their critical 52 thermal minimum (the CTmin). This loss of homeostasis progresses over hours to days and 53 appears to be driven by gradual migration of Na + down a concentration gradient from the 54 hemolymph to the gut lumen (Coello Alvarado et al., 2015; MacMillan and Sinclair, 2011b; 55 Overgaard and MacMillan, 2017) . Water follows the migration of Na + , leading to decreased 56 hemolymph volume and consequent increase in the concentration of hemolymph K + (in addition 57
to Mg 2+ and Ca 2+ ) (Coello Alvarado et al., 2015; Des Marteaux and Sinclair, 2016; Koštál et 58 al., 2006; MacMillan et al., 2015a; MacMillan and Sinclair, 2011b) . This ionic imbalance 59 increases the time required for insects to recover from chill coma (Findsen et al., 2013; Koštál 60 et al., 2007; MacMillan et al., 2014; MacMillan et al., 2012) , and likely contributes to the 61 accumulation of chronic chilling injuries (Findsen et al., 2014; Koštál et al., 2006; Lee, 2010; 62 MacMillan et al., 2015b) . Defense of water and ion homeostasis during cold exposure is 63 improved with prior mild chilling or cold acclimation (Coello Alvarado et al., 2015; Koštál et 64 al., 2006; MacMillan et al., 2015a) , but the mechanisms underlying this plasticity are not well 65 understood. 66 67 Insects maintain water and ion balance via the Malpighian tubules (which excrete primary 68 urine) and hindgut (across which selective reabsorption of water and ions occurs; O'Donnell 69 and Simpson, 2008; Phillips et al., 1988) . Although the primary urine is isosmotic to the 70 hemolymph, excretion by the Malpighian tubules is dependent on ionic gradients established at 71 the apical cell membrane by active and facilitated cation transporter (Beyenbach, 2003) . 72
Transporters include the Na + -K + -2Clcotransporter (NKCC, which imports Na + , K + , and Cl -73 across the basolateral cell membrane), carbonic anhydrase (CA, which provides cytosolic 74 protons), and V-ATPase (which pumps protons to the lumen for future exchange with 75 intracellular cations; Chintapalli et al., 2013; Coast, 2012; Halberg et al., 2015) . Highly 76 convoluted, mitochondria-dense paracellular channels in the rectal pads form the scalariform 77 complex, in which membrane-bound Na + -K + ATPase (NKA) establishes a high extracellular 78
[Na + ]. This Na + concentration gradient within the rectal epithelium drives migration of water 79 from the highly-concentrated rectal lumen to the relatively less-concentrated hemolymph (i.e. 80 against an osmotic gradient overall). 81
During cold exposure, active transport of ions across ionoregulatory epithelia is thought to be 83 exceeded by passive leak of ions down their concentration gradients. Cold-acclimated insects 84 are therefore expected to defend water and ion homeostasis by reducing epithelial permeability 85 (to minimize water and ion leak) and/or by enhancing active ion transport at lower temperatures 86 (MacMillan and Sinclair, 2011a) . The latter hypothesis is supported by shifts in the transcription 87 of genes encoding the ion pumps that drive epithelial transport in cold-acclimated Drosophila 88 melanogaster (MacMillan et al., 2015c; MacMillan et al., 2016) We hypothesized that cold acclimation: 1) reduces excretion rates by decreasing Malpighian 96 tubule V-ATPase activity, and 2) increases NKA activity in the rectum (which we expect would 97 enhance reabsorption of Na + and water). To test these hypotheses, we compared Malpighian 98 tubule excretion rates (a proxy for active transport) of warm-and cold-acclimated insects, and 99 related recent findings of acclimation-attributed transcriptional changes in NKA and V-ATPase 100 (Des Marteaux et al., 2017) to functional changes in tissue transport via enzyme activity assays 101 in homogenized Malpighian tubules and recta. For this work we used warm-and cold-102 acclimated G. pennsylvanicus; an emerging model system for the study of cold tolerance 103 plasticity and its relation to water and ion homeostasis (Coello Alvarado et al., 2015; Des 104 Marteaux and Sinclair, 2016; MacMillan and Sinclair, 2011b; MacMillan et al., 2012 London, ON, Canada) with mesh fabric lids, containing egg carton shelters, rabbit food, and 120 water. Warm-acclimated crickets remained in summer-like conditions (25°C, 14L:10D) for the 121
week, while cold-acclimated crickets were placed in a Sanyo MIR 154 incubator (Sanyo 122 Scientific, Bensenville, Illinois) at 12°C, 10L:14D for one week. This acclimation regime 123 lowers the CTmin (by 1.7°C), speeds chill coma recovery time 3.5-fold, and reduces the 124 incidence of both mortality and chilling injury following chronic cold exposure (Des Marteaux 125 et al., submitted) . 126 127
Dissections 128
Crickets were pinned through the pronotum and the body cavity was opened by mid-dorsal 129 incision. The Malpighian tubules were removed as a bundle by detaching the ureter from the 130 gut with forceps. The rectum was severed from the rest of the gut with microscissors. Both 131 tissues were immediately placed in droplets of simple Ringer's solution specific to G. into each droplet. The proximal end of each tubule was pulled from the droplet through the 162 paraffin oil and 'cleated' into the incision on the edge of a block. The region of tubule between 163 the droplet and block was gently punctured using a dissecting pin to produce an initial bead of 164 primary urine. This first bead was discarded after 15 min. Each tubule was then allowed to 165 excrete through this puncture for 2 h and the diameter of each bead and the length of tubule 166 within the droplet were measured using a microscope with an ocular micrometer. The sum of 167 the bead diameters (assumed to be spherical) was used to calculate volume (πd 3 /6) excreted per 168 hour, and corrected to the length of tubule within the droplet. Malpighian tubule excretion rate 169 was measured at 24, 16, 12, 8, and 4°C (n = 4, 5, 5, 6 , and 2 crickets per treatment, respectively). 170
The excretion rate for each cricket was the mean of the excretion rates measured from six 171 individual Malpighian tubules. 172 173 2.4 NKA and V-ATPase activity assays 174
We measured NKA and V-ATPase activity in homogenates of recta and Malpighian tubules 175 from warm-and cold-acclimated crickets using an NADH-linked activity assay as described by 176 The rate of fluid excretion by the Malpighian tubules decreased with temperature (F1,40 = 102, 238 P < 0.001). The Q10s of secretion rate for warm-and cold-acclimated tubules were 2.2 and 1.9, 239 respectively (calculated between 15.4°C and 24.8°C). Rates of fluid excretion by cold-240 acclimated crickets were approximately 35% slower compared to warm-acclimated crickets 241 based on a linear model (F1,40 = 20.5, P < 0.001; Fig. 1 ). We observed no significant interaction 242 between temperature and acclimation (F1,40 = 0.046, P > 0.8). 243 244
Enzyme activities in the Malpighian tubules 245
The Malpighian tubules of cold-acclimated crickets had higher NKA activity relative to warm-246 acclimated crickets at 21°C (t15 = 2.19, P = 0.045; Fig. 2a ). We did not observe a decrease in 247 NKA activity in homogenized recta was unaffected by cold acclimation at 21°C (t15 = 0.78, P 253 = 0.45; Fig. 2b ). Rectal NKA activity at 6°C was low (0.0094 ± 0.0026 μmol/mg.min and 254 0.0070 ± 0.0020 μmol/mg.min for warm-and cold-acclimated crickets, respectively) and did 255 not differ between acclimations (t9.4 = 0.74, P = 0.48). Similarly, V-ATPase activity was 256 equivalent in the recta of warm-and cold-acclimated crickets (t17 = 1.45, P = 0.16; Fig. 2b) . 257 258
Discussion 259 260
We hypothesized that cold-acclimated insects should defend hemolymph volume by slowing 261 fluid excretion rates of Malpighian tubules, and that this would be driven by a reduction in V-262
ATPase activity. Cold acclimation may have modified active transport across the Malpighian 263 tubules, manifesting as a reduction in fluid excretion rate at both low and optimal temperatures. 264
However, lower rates of fluid excretion were not related to modified V-ATPase activity, rather 265 these slowed rates corresponded with an increase in NKA activity. Although we expected cold 266 acclimation to increase rectal NKA activity (a means of enhancing water and ion reabsorption), 267
we observed no such change at either 6°C or 21°C. 268 269
Cold acclimation reduces fluid excretion rates of the Malpighian tubules 270
Fluid excretion by the Malpighian tubules is driven by active ion transporters, most of which 271 are temperature-sensitive (Dietz et al., 2001; Galarza-Muñoz et al., 2011; O'Donnell and 272 Simpson, 2008; Somero, 2004) . MacMillan and Sinclair (2011a) hypothesized that cold 273 acclimation modifies active ion transport such that ion pumping rates are maintained at lower 274 temperatures compared to warm-acclimated insects; however, we show that the Malpighian 275 tubules of cold-acclimated crickets excrete fluid more slowly across a range of temperatures. 276
In Eurosta solidaginis larvae, seasonal acclimatization (between September and December) 277 also corresponds with a reduction in the rate of Malpighian tubule transport (Yi and Lee, 2005) . 278
By reducing active transport across the Malpighian tubules, cold-acclimated orthopterans may 279 retain hemolymph volume (i.e. mitigate leak of water) during cold exposure. However, this 280 mechanism may not be conserved among insect lineages; in D. melanogaster, the Malpighian 281 tubules of cold-acclimated individuals instead excrete fluid more rapidly than warm-acclimated 282 individuals (Yerushalmi et al., 2017) , and knockdown of diuretic capa peptides also slows chill likely to underlie the changes in fluid excretion, it is also possible that cold acclimation reduces Malpighian tubule fluid excretion by reducing epithelial permeability (e.g. by modifying cell 286 junctions or the expression/localization of aquaporins) (Spring et al., 2009) . 287 288 Proton pumping drives net cation transport across the Malpighian tubules, and V-ATPase is 289 central to this process (Chintapalli et al., 2013; Klein, 1992) . Although V-ATPase mRNA 290 abundance is reduced in the Malpighian tubules of cold-acclimated crickets (Des Marteaux et 291 al., 2017) , cold acclimation did not reduce the activity of this enzyme in the present study. 292
Decreased fluid excretion rates may therefore involve modification of other enzymes (e.g. NKA 293 or perhaps CA). Carbonic anhydrase mRNA abundance is reduced in the Malpighian tubules 294 of cold-acclimated crickets (Des Marteaux et al., 2017) , suggesting that CA is a candidate for 295 this modification. Carbonic anhydrase in the Malpighian tubules provides protons for transport 296 by V-ATPase and potentially the counterions (H + and HCO3 -) for import of hemolymph Na + 297 and Cl - (Beyenbach and Piermarini, 2011; Chintapalli et al., 2013; Wessing et al., 1997) . 298
Although we did not measure CA activity in warm-and cold-acclimated crickets, decreased 299 activity of this enzyme could drive decreased primary urine excretion in cold-acclimated 300 crickets. Because CA is a thermally-insensitive enzyme (Feller and Gerday, 1997), cold 301 exposure alone would not be expected to reduce activity. 302
303
Cold acclimation increased Malpighian tubule NKA activity, and this should have multiple 304 effects on water and ion balance in the hemolymph. NKA activity in the Malpighian tubules 305 appears to be antidiuretic; in Rhodnius, ouabain (an inhibitor of NKA) stimulates transport of 306 Na + and fluid to the Malpighian tubule lumen (Maddrell and Overton, 1988) , and the diuretic 307 hormone 5-HT inhibits NKA activity (Grieco and Lopes, 1997) . It is proposed that NKA 308 inhibition leads to the accumulation of intracellular Na + , favoring transport of Na + and water to 309 the lumen (Caruso-Neves and Lopes, 2000) . Increased NKA activity in the Malpighian tubules 310 of cold-acclimated crickets could therefore account in part for the decreased primary urine 311 production rate. NKA activity in the Malpighian tubules also regulates selectivity of excreted 312 cations. For example, inhibition of NKA by ouabain increases the Na + :K + ratio of the primary 313 urine in Acheta domesticus crickets (Coast, 2012) . Under optimal temperatures (e.g. 21°C), 314 increased Malpighian tubule NKA in cold-acclimated crickets may thereby hasten the removal 315 of K + and re-establish low hemolymph [K + ] during recovery from cold exposure (Beyenbach, 316 we did not measure Malpighian tubule enzyme activities at low temperatures, enhanced NKA 319 activity during cold exposure could prevent or delay imbalance of hemolymph Na + , water, and 320 K + during chill coma (both reducing the CCRT and the energetic costs of re-establishing ionic 321 and osmotic gradients; MacMillan et al., 2012) . 322
323
Rectal NKA and V-ATPase activities are unchanged by cold acclimation 324
Because cold exposure results in leak of Na + and water towards the gut, an obvious hypothesis 325 is that cold acclimation enhances the activity of rectal pad NKA to mitigate this leak. Increased 326 rectal NKA activity at higher temperatures (i.e. during rewarming) should also speed up re-327 establishment of Na + and water balance thereby reducing chill coma recovery time. An increase 328 in hindgut NKA transcript abundance for cold-acclimated G. pennsylvanicus (Des Marteaux et 329 al., 2017) certainly supports this hypothesis. However, we found no evidence of increased rectal 330 NKA activity at 6°C or 21°C. Similarly, although rectal V-ATPase transcript abundance 331 decreases in cold-acclimated G. pennsylvanicus (Des Marteaux et al., 2017) , V-ATPase activity 332 in rectal homogenates was unchanged by cold acclimation in the present study. The significance 333 of altered NKA and V-ATPase transcript abundance in cold-acclimated G. pennsylvanicus 334 therefore remains in question, and further illustrates the point that mRNA abundance does not 335 necessarily reflect increased enzyme abundance (Gygi et al., 1999) . 336
337
Other enzymes controlling reabsorption across the rectum could be modified by cold 338 acclimation, however many remain to be identified (Chintapalli et al., 2013; O'Donnell and 339 Simpson, 2008) . This poses a challenge for predicting how modification of hindgut water or 340 ion transporters may affect transport in the cold. First, active transport across the rectal pads of 341 warm-and cold-acclimated insects should be compared (e.g. via Ussing chamber; Ussing and 342 Zerahn, 1951; Clarke, 2009 or everted-sac technique (Barthe et al., 1998; Lechleitner et al., 343 1989) to determine whether rectal transport is modified by cold acclimation overall. The 344 specific enzymatic targets of cold acclimation (and their relative contribution to altered 345 transport function) could then be determined by comparing active transport rates across the 346 rectum with and without selective enzyme inhibitors (Bertram et al., 1991; Clarke, 2009; 347 Hanrahan et al., 1984) . 348
349
An organ-specific role for NKA in cold acclimation? transport should depend on the specific enzyme and organ in which that modification occurs. 354
In the Malpighian tubules of cold-acclimated G. pennsylvanicus we instead observed increased 355
NKA activity, and this should prevent loss of hemolymph volume during cold exposure. It is 356 possible that cold acclimation modifies transport function differently in dipterans than in 357 orthopterans, but we suspect that this contrast is because NKA is ubiquitously expressed and 358 comparisons of whole-body NKA activity are not informative for predicting how cold 359 acclimation affects transport function in specific ionoregulatory organs. 360
361
Changes in total protein abundance could not explain increased Malpighian tubule NKA 362 activity, but we did not measure NKA abundance specifically. It is also possible that the 363 abundance of NKA increases proportionally with decreased abundance of other enzymes (e.g. 364 V-ATPase) such that total protein abundance is unaffected. Alternately, cold-acclimated 365 crickets could express NKA isozymes with different activities or thermal sensitivities (Blanco, 366 2005; Galarza-Muñoz et al., 2011) . NKA activity could also be altered by changes in membrane 367 fluidity {Koštál, 1998 #516}, post-transcriptional modifications (e.g. via RNA editing; Colina 368 et al., 2010) or by post-translational modifications (e.g. phosphorylation or dephosphorylation; 369 McMullen and Storey, 2008; Poulsen et al., 2010; Seo and Lee, 2004) . Kinase-mediated 370 phosphorylation is already proposed to reduce NKA activity in overwintering goldenrod gall 371 flies (McMullen and Storey, 2008) . However, we do not know the extent to which these 372 modifications persist under present assay conditions. Enzyme activity assays for homogenates 373 are also unlikely to capture differences based on modified recruitment of enzymes to the 374 membrane or modified cytoskeletal structure (Khurana, 2000; Lai and Jan, 2006 crickets. Activity rates were measured at 21°C via NADH-linked assays, and given as moles 552 of ADP converted per hour (corrected for protein concentration in homogenates). Replication 553 for pooled warm-and cold-acclimated Malpighian tubule homogenates was 10 and 7 (NKA) 554 and 6 and 5 (V-ATPase), respectively. Replication for pooled warm-and cold-acclimated rectal 555 homogenates was 8 and 9 (NKA) and 9 and 10 (V-ATPase), respectively. Significant 556 differences in the activity of a given enzyme between warm-and cold-acclimated tissues is 557 represented by an asterisk. 558
